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1. Introduction
The application of natural plant fibers such as ramie
fiber, jute fiber, sisal fiber and bamboo fiber to
replace glass fiber and synthetic fibers as the rein-
forcement of resin matrix composites has drawn a
wide public attention in recent decades [1, 2]. These
natural fibers can not only meet the property require-
ments for reinforced materials in composites but also
have the merits of low cost, abundance, light weight,
biodegradability and renewability. However, plant
fibers mainly consisting of cellulose, hemicellulose
and lignin always exhibit strong hydrophilicity and
high moisture absorption. This deteriorates the inter-
facial compatibility with hydrophobic resins and then
the mechanical properties of the fiber-reinforced
composites [3, 4]. In order to obtain high-perfor-
mance composite materials, surface modification of
the fiber reinforcements including various physical
and chemical processing technologies proved to be
an effective and practical method.
However, these traditional approaches were demon-
strated to have some inherent shortcomings. The
physical methods may be difﬁcult to industrialize and
can seriously deteriorate the mechanical properties
of the natural ﬁbers, especially the tensile strength
[5, 6]. The grafting modification with vinyl mono -
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mers can increase the hydrophobicity of the ﬁbers
and improve the compatibility with hydrophobic
resin matrix [7]. But it is also known that the homo -
polymerization will occur inevitably. Although the
treatment of ﬁbers with organic silane coupling
agents has achieved much success in improving the
surface hydrophobicity, it usually involves compli-
cated multi-step processes and waste disposal of
emulsiﬁers present on the surface after the treatment
[8, 9]. Moreover, the current increasing concern on
the environmental protection also hinders the indus-
trial application of silicon compounds. Therefore, it
has great practical significance to explore new modi-
fication methods for the natural fibers.
Nowadays, the use of enzymes as important biotech-
nological catalysts in the surface processing of lig-
nocellulosic polymers is increasing dramatically
[10–14]. Enzymatic processes have advantages such
as specificity, effectiveness, eco-friendly nature and
working in mild conditions as compared to the con-
ventional methods. Laccases (EC 1.10.3.2, benzene-
diol:oxygen oxidoreductase) are the most investi-
gated enzymes in this field. They are multi-copper
glycoproteins that catalyze the monoeletronic oxida-
tion of phenols and aromatic amines to reactive rad-
icals and simultaneously reduce molecular oxygen to
water in a redox reaction [15, 16]. Studies show that
lignin is a suitable substrate for laccase and the phe-
nolic sites of lignin molecules can be oxidized to
phenoxyl radicals by laccase [17]. With the laccase-
catalyzed oxidation of lignin moieties rich on the sur-
face, the lignocellulosic materials could be acti-
vated to create a radical-rich reactive surface to
which oxidized (radical-containing) phenolic mole-
cules of interest by laccase simultaneously can be
grafted [18–23]. Natural jute fiber, a widely used lig-
nocellulosic bioresource with lignin content of 14–
20%, also has the potential to be modiﬁed by this
green biotechnology for endowing it with better per-
formance or novel functions [24, 25]. Besides the
use of phenolic monomers in the enzymatic grafting
reactions, aliphatic amines were first reported by
Kudanga et al. [26] to couple with lignin model
molecules mediated by laccase. However, as far as
our knowledge goes, no attempt has seemingly
been made before for the surface hydrophobization
of jute fibers by the laccase-mediated grafting of
amine monomers to increase the interfacial compat-
ibility with hydrophobic resins in composites.
In the present work, lignocellulosic jute fabrics were
modified to be hydrophobic via the laccase-medi-
ated grafting of octadecylamine (OA) on the lignin
moieties and then the hydrophobized jute was used
as the reinforced material of the polypropylene (PP)
matrix composites to improve the interfacial com-
patibility between the fiber reinforcements and the
hydrophobic resins as shown in Figure 1. Initially,
the surface elemental composition of jute fabrics
was characterized by XPS and the grafting percent-
age of OA on jute fabrics was determined by ele-
mental analysis. Then, the surface hydrophobicity
of jute fabrics was investigated in terms of static
and dynamic contact angles. Further, the pyrolytic
characteristics of jute fabrics were studied by means
of thermogravimetry (TGA) and differential thermo-
gravimetry (DTG) measurements. Lastly, the ten-
sile properties, dynamic mechanical performances
and fracture surface of jute fabric/ PP composites
were analyzed.
2. Experimental
2.1. Materials and reagents
Laccase from Trametes Versicolor was provided by
Sigma-Aldrich. The 100% raw jute fabrics (427 g/m2),
with a 7/7 (warp/weft) cm–1 fabric density, were sup-
plied by Longtai Weaving Co. Ltd. (Changshu,
China). Octadecylamine (OA) with 90% purity was
obtained from Aladdin Technology Co. Ltd. (Shang-
hai, China). Polypropylene (PP) melt-blown non-
woven cloths (200 g/m2) were purchased from
Yonghui Textile Technology Co. Ltd. (Yangzhou,
China). All the other chemicals used in this study
were commercially available and analytical grade.
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Figure 1. Schematic illustration of the enzymatic grafting of
octadecylamine to lignins on the jute surface aim-
ing to improve the interfacial adhesion with poly -
propylene resins
2.2. Laccase assay
The activity of laccase was measured using a UV-Vis
spectrophotometer by monitoring the oxidation of 2,
2!-azino-bis-(3-ethylthiazoline-6-sulfonate) (ABTS;
!420 = 36000 M–1·cm–1) as the substrate at 420 nm
in 80/20 (v/v, %) 0.2 M acetate buffer (pH 4)/EtOH
mixtures at 50°C. The enzyme activity was expressed
in units defined as micromoles of ABTS oxidized
per minute [27].
2.3. Pretreatment of jute fabrics
Jute fabrics (500 mm long and 100 mm wide) were
Soxhlet-extracted with benzene/ethanol (v/v, 2:1) for
12 h to remove the lipophilic extractives and then
boiled with distilled water for 3 h to remove the
water-soluble fractions. As a result, the oxidation of
substrate molecules by laccase and the analysis of
modified fabrics could be carried out without inter-
ference.
2.4. Enzymatic grafting of jute fabrics with
OA monomers
Jute fabrics of 1 g were incubated in 50 mL 80/20
(v/v, %) 0.2 M acetate buffer (pH 4)/EtOH solutions
with 1.5 U/mL laccase and 20 mM OA. The reac-
tion was carried out at 50°C for 24 h in a shaking bath.
Afterwards, the fabrics were washed twice with dis-
tilled water at 50°C for 20 min and then extracted
with benzene/ethanol (v/v, 2:1) for 12 h to remove
the absorbed (non-covalent bonding) OA mono -
mers. Control and laccase-treated samples followed
the same treatment condition as mentioned above.
2.5. XPS measurement of jute fabrics
X-ray photoelectron spectroscopy (XPS) experi-
ments were performed on a RBD upgraded PHI-
5000C ESCA system (Perkin Elmer) with Mg K"
radiation (h" = 1253.6 eV). The X-ray anode was run
at 250 W, and the high voltage was maintained at
14.0 kV with a detection angle of 54°. The whole
spectra (0–1100 eV) and the narrow spectra of all the
elements with much high resolution were both
recorded using RBD 147 interface (RBD Enterprises,
USA) through AugerScan 3.21 software. Binding
energies were calibrated with the contaminant car-
bon (C1s = 284.6 eV).
2.6. Elemental analysis of jute fabrics
The total carbon, hydrogen and nitrogen contents of
the jute fabric samples were determined in an ele-
mental analyzer (Elementar Vario EL III, Ger-
many).
2.7. Determination of grafting percentage on
jute fabrics
The grafting percentage (Gp) of the enzymatic OA-
grafting onto jute fabrics was calculated from the total
nitrogen content of samples using Equation (1):
                          (1)
where Ng is the nitrogen content of the grafted jute
fabrics [%], Nc is the nitrogen content of the control
jute fabrics [%], and M is the molar mass of OA
molecules [g·mol–1].
2.8. Contact angle measurements of jute fabrics
Before the contact angle measurements, jute fabric
samples were conditioned to equilibrium moisture
content (ca. 6.4%) in a constant temperature and
humidity equipment (21°C, 65%RH). The static con-
tact angle of jute fabrics was determined in 3 s after
water drop deposition using a JC2000D4 contact
angle meter (Zhongchen, Shanghai). For each sam-
ple, five spots were measured, and then the results
were averaged.
The dynamic contact angle of jute fabrics was meas-
ured by the Wilhelmy technique on a DCAT-21 inter-
facial tension meter (Dataphysics, Germany). Sam-
ples with a thickness of 1.2 mm and a width of 15 mm
were immersed into and withdrawn out of water
while simultaneously measuring the force acting on
the sample at 20 °C. The advancing and receding
contact angles could then be calculated from the
recorded force curve. Three samples were taken for
each treatment and the results were averaged.
2.9. Thermal analysis of jute fabrics
The thermogravimetric analysis (TGA) of the jute
fabric samples was conducted on a Q500 thermo-
gravimetric analyzer (TA Instruments, USA) in the
range of 30–700°C with a heating rate of 20°C/min.
2.10. Preparation of jute fabric/PP composites
First, jute fabrics (1.2 mm thick after the enzymatic
treatments) and PP foils (0.6 mm thick) were cut into
samples of 20 mm width and 100 mm length. Then,
the jute fabric/PP complex was prepared by the suc-
cessive laying with two layers of jute fabrics and
three layers of PP foils in a mass ratio of 1:1.
Gp 3, 4 5 Ng 2 Nc
14 ~
MC18H39N
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Finally, the composite samples were compressed in
the steel mould (1 mm thick) at 180°C in 10 ton pres-
sure for 10 min.
2.11. Tensile measurement of jute
fabric/PP composites
The tensile properties of the jute fabric/PP compos-
ites were determined using a KD111-5 microcom-
puter-controlled electronic universal testing machine.
The composite samples had a dimension of 100 mm
(length)#20 mm (width). The average thickness of
the composites was 1 mm with a random error of
<0.1 mm. The gauge length was set at 60 mm, and
the testing speed was 2 mm/min. A stress-strain
curve of the composites and the data of the breaking
strength, modulus and elongation were recorded.
All measurements were performed using at least
five samples.
2.12. Fracture analysis of jute
fabric/PP composites
The fracture sections of the jute fabric-reinforced
PP composites were scanned using a SU1510 scan-
ning electron microscope (SEM, Hitachi, Japan)
under 5.00 k voltages at 2.00 k magnification.
2.13. Dynamic mechanical analysis (DMA) of
the jute fabric/PP composites
A Q800 DMA analyzer (TA Instruments, USA) was
used for the evaluation of storage modulus and loss
modulus. A three-point bending mode was employed.
The samples were tested in a fixed frequency of
1.0 Hz and a heating rate of 5 °C/min. The samples
were evaluated in the range from 30 to 160°C. Each
sample had a thickness of 1±0.1 mm, a width of
13 mm and a length of 60 mm.
3. Results and discussion
3.1. XPS analysis of jute fabric surface
XPS analysis of material surfaces could provide the
surface information of the elemental composition as
well as the bonding states of atoms. In this study, XPS
spectroscopy was used to understand efficiently the
changes in the surface chemistry of jute fabrics
resulted from the laccase/OA treatment. Table 1
showed a general survey of the surface atomic com-
position for the treated jute fabric samples. The sur-
face C/O ratio of the laccase/OA-treated jute (3.4)
was increased compared with the laccase-treated jute
(2.7) and the control jute (2.6). This could be attrib-
uted to the grafting of OA molecules onto the jute
surface mediated by laccase, as the OA structure
has a high carbon content of 93.9% without any
oxygen atoms.
3.2. Estimation of grafting percentage via
elemental analysis
The total nitrogen content of jute fabrics was meas-
ured by the elemental analyzer, from which the graft-
ing percentage (Gp) of OA on jute fabrics could be
calculated by using Equation (1). The total nitrogen,
carbon, hydrogen, oxygen contents as well as the
C/O ratio of jute fabric samples after the laccase/
OA and control treatments were listed in Table 2.
The total nitrogen content of the laccase/OA treated
jute (0.18%) was increased when contrasted with
the control jute (0.13%). The obtained Gp of the
laccase-mediated OA-grafting reaction was 0.96%.
In addition, there also has an enhancement in the
total C/O ratio of the laccase/OA-treated jute fab-
rics, which indicated that the long alkyl chains of
OA molecules were successfully incorporated to the
jute surface via the laccase-mediated grafting in the
laccase/OA treatment.
This eco-friendly enzymatic process provides an
attractive alternative to the current methods for
improving the surface hydrophobicity of jute fiber
and other natural lignocellulosic fibers. Enzyme tech-
nologies are specific, effective, green and work in
mild conditions in response to the shortcomings of
traditional physical and chemical approaches. The
monomers of the laccase-mediated grafting can be
divided into two categories, phenolic compounds and
amine compounds. It is generally reported that the
laccase-mediated grafting of phenolic monomers
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Table 1. Surface chemical composition of the treated jute
fabric samples obtained by XPS analysis
Samples
Elements
[%] C/O
C1s O1s Others
Control jute 68.8 26.6 4.7 2.6
Laccase-treated jute 68.5 25.5 6.0 2.7
Laccase/OA-treated jute 73.3 21.7 5.0 3.4
Table 2. Total elemental composition of jute fabrics after
the laccase/OA and control treatments
Treatments
Element content
[%] C/O
C H O N
Laccase/OA 45.07 6.96 47.78 0.18 0.94
Control 44.48 6.88 48.51 0.13 0.92
onto lignocellulosic materials has been successfully
achieved to endow such polymers with novel func-
tions [18–25]. However, the homopolymerization
of these phenols will occur inevitably accompanied
with the desired enzymatic grafting reaction. By con-
trast, the amine compounds such as OA used in this
study could not be polymerized or self-coupled by
laccase and are considered as ideal monomers for the
enzymatic grafting modification of natural lignocel-
lulosic polymers.
3.3. Effect of OA-grafting on surface
hydrophobicity of jute fabrics
Wettability of fibers is an important factor for the
interfacial adhesion with the hydrophobic resin
matrix in composites as well as the water absorption
behavior of the composites [28]. The hydrophilic
characteristics of jute fibers lead to poor wettability
and weak interfacial bonding with resins and facili-
tate the intake of water when the composites were
immersed in water, finally resulting in decreased
mechanical and physical properties of the compos-
ites [29]. In order to evaluate the surface hydropho-
bization of jute fabrics via the laccase-mediated graft-
ing of OA, both static and dynamic contact angles
were measured. The contact angle data were summa-
rized in Table 3 and the force curves acting on jute
fabric samples in the Wilhelmy measurement were
presented in Figure 2.
For the control and laccase-treated jute fabrics, the
water droplets on their surfaces disappeared with no
specular reflectance in 3 s. In contrast, the laccase/
OA-treated samples showed an increased static con-
tact angle of 112.5°. However, the static contact angle
is not able to explain exactly the dynamic behavior
of the surface wettability because of the hysteresis
of the contact angle. The dynamic contact angle
measurement, based on the Wilhelmy principle, is
specially designed to reveal the dynamic process of
wetting. When a solid object is immersed into a liq-
uid, the liquid will ascend (hydrophilic) or descend
(hydrophobic) along the vertical direction of the
solid. The Wilhelmy method measures the pull force
or the push force acting on the solid to calculate the
dynamic contact angles. According to Huang’s
description, the relationship between the force acting
on samples (F) and the contact angle of samples ($)
is as followed [30] (Equation (2)):
F = 2w·t·#·cos$                                                     (2)
where w is the width of the sample and t is the
thickness of the sample.
For the control and the laccase-treated jute samples,
the advancing angles were 43.5 and 75.1°, respec-
tively. Both of them had no receding angles. By con-
trast, the laccase/OA-treated samples showed a larger
advancing contact angle of 116.4° and a receding
angle of 42.7°. The surface hydrophobic enhance-
ment of jute fabrics after the laccase/OA treatment
supported that OA monomers containing nonpolar
alkyl chains have been grafted onto the jute fabric
surface mediated by laccase.
3.4. Effect of OA-grafting on thermal
properties of jute fabrics
TGA and DTG curves of the treated jute fabrics and
the OA monomer were shown in Figure 3. The OA
monomer got its maximum mass loss rate at 245 °C,
and there was no solid residue left at 690%°C. The
control jute attained the maximum mass loss rate at
388°C with 14.1% residue left at 690°C. The laccase-
treated sample displayed a similar trend as the con-
trol sample with the maximum mass loss rate at
389°C and 13.1% residue at 690°C. For the laccase/
OA treated jute, its thermal resistance was decreased
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Figure 2. Force curves acting on laccase/OA treated jute
fabrics (a), laccase-treated jute fabrics (b) and
control jute fabrics (c) when immersed into and
withdrawn out of water
Table 3. Static/dynamic contact angles of jute fabrics after
different treatments
Treatments
Static contact
angle
[°]
Advancing
angle
[°]
Receding
angle
[°]
Laccase/OA 112.5±8.1 116.4±2.0 42.7±2.8
Laccase alone 0.0 75.1±1.8 0.0
Control 0.0 43.5±0.6 0.0
with the maximum mass loss rate at 386°C and the
solid residue of 10.8% at 690 °C. This could result
from the laccase-mediated grafting of OA mole-
cules with lower thermo-stability onto jute fabrics.
However, it should be noted that the enzymatic mod-
ification of jute could only occurs on the surface
and thus it has slight effects on the thermal proper-
ties of the entire jute fabrics.
In addition, the jute was used later to prepare fiber-
reinforced PP matrix composites at 180°C by using
hot pressing. According to the thermal data of OA
molecules and jute fabrics, their temperatures at the
maximum mass loss are both much higher than the
temperature of the hot press process. Therefore, the
hydrocarbon chains grafted on the jute surface and
the jute fabrics wouldn’t be damaged or change their
chemical structures in the preparation of the jute/PP
composites.
3.5. Interfacial behavior of jute fabric/PP
composites
The fracture surfaces of all the composites were
produced by stretching on a universal testing machine
and then observed by SEM. The micrographs of the
fracture sections were exhibited in Figure 4. The
diameter of natural jute fibers is generally 15–
25 µm with an oval cavity inside. The areas marked
by red circles and rectangles in the SEM images are
the ends or tips of jute fibers breaking by the stretch-
ing of the jute/PP composites. In the case of the con-
trol composites (Figure 4a) and the laccase-treated
jute/PP composites (Figure 4b), the tips of fibers
were protruded from the polymer matrix and thus
the fracture surfaces became uneven and irregular. In
addition, there are multitudes of pores normally
seen on the tips, which resulted from the breaking
and denting of the PP-filled fiber cavities by pulling.
For the OA-grafted jute/PP composites (Figure 4c),
PP matrix surrounding jute fibers and in the cavities
of the fibers was pulled out together with the jute
fibers. Jute fibers well adhered to the PP resins to
form a neat and smooth fracture surface, indicating
the stronger interfacial adhesion of the composites
and adequate wetting of fibers with PP resins. While
in the other two images, the fibers were pulled out
of the polymer matrix during fracturing of the sam-
ple, indicating a much weaker interaction between
the polymers and the fibers. Therefore, it could be
concluded that the modified jute fibers were better
coated by PP and stronger fiber-matrix adhesion
was obtained owing to the enzymatic hydrophobic
modification of the jute surface.
3.6. Tensile properties of jute
fabric/PP composites
The breaking strength, Young’s modulus and elon-
gation at break of the treated jute/PP composites
were given in Table 4. Besides, the tensile stress-
strain curves of these composites were shown in
Figure 5.
The control jute/PP composites showed the lowest
breaking strength (25.6 MPa) and Young’s modulus
(5.4 GPa) among the three types of composites.
After the laccase treatment of jute, the breaking
strength and the Young’s modulus of the compos-
ites were increased by 32.8 and 3.7%, respectively.
Moreover, the OA-grafted jute/PP composites dis-
played larger increases in breaking strength and
Young’s modulus by 82.0 and 22.2%, respectively.
These enhancements in tensile strength and modu-
lus of OA-grafted jute/PP composites suggested
that the interfacial compatibility of the composites
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Figure 3. TGA (a) and DTG (b) curves of the treated jute fabrics and the OA monomer
was enhanced after the surface hydrophobization of
jute fabrics. The long alkyl chains of OA molecules
grafted on the jute surface could interact with the
PP resins via numerous van der Waals’ forces.
Therefore, better interfacial adhesion between fibers
and hydrophobic resins were obtained, which made
the stress to transfer effectively and thus satisfied
the requirement of reinforcing the composites with
better mechanical properties. In addition, the elon-
gation at break of the enzymatic treated jute/PP
composites was also increased. This may be owing
to the increase in the elongation at break of jute fab-
rics after the laccase treatment (no data shown).
3.7. Dynamic mechanical properties of jute
fabric/PP composites
Dynamic thermo-mechanical properties of the jute
fabric/PP composites, storage modulus (E!) and loss
modulus (E&) curves as a function of temperature
were measured and illustrated in Figure 6. E! is very
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Figure 4. SEM images of fracture sections of control jute fabric/PP composites (a), laccase-treated jute fabric/PP compos-
ites (b) and OA-grafted jute fabric/PP composites (c)
Table 4. Mechanical properties of the treated jute/PP com-
posites
Composites
Breaking
strength
[MPa]
Young’s
modulus
[GPa]
Elongation
at break
[%]
Control jute/PP 25.6±0.7 5.4±0.4 1.5±0.1
Laccase-treated jute/PP 34.0±1.3 5.6±0.1 2.4±0.1
OA-grafted jute/PP 46.6±0.9 6.6±0.2 3.1±0.1
Figure 5. Tensile stress-strain curves of the treated jute fab-
ric/PP composites
sensitive to the structural and molecular changes of
composites, such as fiber-matrix interfacial bonding
[31]. The E! values of all the composites dropped
with the increase of temperature. However, the PP
composites reinforced by the OA-grafted jute fab-
rics had a significant increase in the E! before 100°C
in contrast with the laccase-treated jute/PP compos-
ites and the control composites. This can be explained
as the result of improved interfacial adhesion between
the hydrophobic jute and the PP matrix, which
allowed greater stress to transfer at the interface.
As shown in Figure 6b, the OA-grafted jute/PP
composites had higher E& values in the whole range
of testing temperatures than those of the control
composites and the laccase-treated jute/PP compos-
ites. E& is attributed to the mobility of resin mole-
cules in composites [9]. Larger E& values suggest
stronger restraining effect of fibers on the mobility
of the resin matrix. The corresponding increase in
E& value indicated the restriction was enhanced
with the enzymatic hydrophobization of fibers and
the fact of immobilization of PP molecules near to
the hydrophobic surface of the modified jute fibers.
The improved interfacial adhesion reduced the
mobility of the PP molecular chain at the interface.
4. Conclusions
The present work demonstrated that the covalent
attachment of OA onto jute surface mediated by
laccase resulted in increases in the surface hydro -
phobicity of jute fabrics and the interfacial compat-
ibility between jute fibers and PP resins. The sur-
face C/O ratio and the total nitrogen content of jute
fabrics were increased after the enzymatic grafting,
which suggested that OA molecules have been suc-
cessfully incorporated onto the jute fabric surface
mediated by laccase. The Gp of the enzymatic OA-
grafting reaction was 0.96%. The modified jute
obtained excellent water repellency with static con-
tact angle of 112.5°, advancing angle of 116.4° and
receding angle of 42.7°, which supported the pres-
ence of nonpolar alkyl chains on the jute surface
after the laccase-mediated grafting of OA. No evi-
dent decrease of thermal properties was found due
to the specificity of laccase to substrates and the
surface modification of the enzymatic grafting. The
tensile strength, tensile modulus as well as the break-
ing elongation of the hydrophobized jute/PP com-
posites were increased. The fracture surface of the
composites became neat and the jute fibers on the sec-
tion surface were surrounded by PP resins closely,
which suggested better interfacial adhesion between
the jute reinforcement and the PP resin.
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